Abstract: This paper reviews past research and the current state-of-the-art concerning gallium nitride-based vertical-cavity surface-emitting lasers (GaN-VCSELs) incorporating distributed Bragg reflectors (DBRs). This paper reviews structures developed during the early stages of research into these devices, covering both major categories of GaN-based VCSELs: hybrid-DBR and all-dielectric-DBR. Although both types exhibited satisfactory performance during continuous-wave (CW) operation in conjunction with current injection as early as 2008, GaN-VCSELs have not yet been mass produced for several reasons. These include the difficulty in controlling the thicknesses of nitride semiconductor layers in hybrid-DBR type devices and issues related to the cavity dimensions in all-dielectric-DBR units. Two novel all-dielectric GaN-based VCSEL concepts based on different structures are examined herein. In one, the device incorporates dielectric DBRs at both ends of the cavity, with one DBR embedded in n-type GaN grown using the epitaxial lateral overgrowth technique. The other concept incorporates a curved mirror fabricated on (000-1) GaN. Both designs are intended to mitigate challenges regarding industrial-scale processing that are related to the difficulty in controlling the cavity length, which have thus far prevented practical applications of all-dielectric GaN-based VCSELs.
Introduction
For more than two decades, gallium nitride (GaN) has attracted interest with regard to applications in a wide range of optical devices, such as light-emitting diodes (LEDs) and laser diodes (LDs) [1, 2] . Recently, GaN-based vertical-cavity surface-emitting lasers (VCSELs) have received considerable attention as a result of their superior characteristics, including low threshold currents, array formation capability, applicability to high-frequency operation, low manufacturing costs and high efficiencies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Due to these advantages, GaN-based VCSELs have the potential to replace conventional LEDs and edge emitting LDs as light sources for optical storage, laser printers, projectors, displays, solid state lighting, optical communications, biosensors and many other applications.
This review summarizes recent progress in the development of GaN-based VCSELs. In the former sections, an overview of GaAs-based VCSELs is initially provided, followed by a discussion of hybrid DBR GaN-based VCSELs, in which the DBRs are made of semiconductors and dielectric materials. In the latter sections, all-dielectric-DBR VCSELs reported in the early stage of research into such devices are examined, after which the latest progress in other types of all-dielectric-DBR VCSELs based on epitaxial lateral overgrowth [14, 15] and curved mirrors [16, 17] is summarized.
Hybrid-DBR GaN-based VCSELs
These approaches do not necessarily work well when fabricating GaN-based VCSELs. The major researching interest in this case is the formation of nitride semiconductor DBRs for n-side mirrors. Lu et al. reported the first demonstration of continuous wave lasing from a GaN-VCSEL, in which the n-side DBR comprised 29 AlN/GaN bilayers grown directly on a GaN substrate by MOCVD [4, 5] . In this device, a half-wavelength AlN stack was inserted between every four pairs of AlN/GaN quarter-wavelength stacks to produce the DBR. These AlN stacks suppressed the formation of cracks potentially resulting from the lattice mismatch between GaN and AlN.
In contrast, other groups have reported a DBR made of AlInN and GaN. Doping AlN with In reduces the lattice mismatch with GaN to zero [6, 7] , so this approach is expected to produce crack-free layers. The incorporation of this DBR structure into GaN-based VCSELs has been intensively investigated, primarily by a group at Meijo University [3, 7, 21] and a significant volume of data regarding threshold current, efficiency and optical output has been reported. This type of GaN-VCSEL has recently demonstrated a remarkably high output power above 10 mW together with a peak wall plug efficiency of 8.9% by Stanley Electronics [22] .
However, the small refractive index difference between the two layers is problematic because a large number of layers is required to obtain high reflectivity. It has also been reported that the AlInN growth rate is so low that 12 h are required to grow a DBR with 40 AlInN/GaN DBRs bilayers [7] . The narrow stopband width of epitaxially grown n-side DBRs is another concern with regard to eventual mass production. The lasing wavelength of a VCSEL should ideally be located on the plateaus at which both DBRs exhibit high reflectance, meaning that the lasing mode makes use of the small mirror loss observed upon lasing. However, variations in the fabrication process could disrupt this set of conditions. As an example, a change in the thickness of the DBR layers would shift the position of the stopband. The stopband width for AlGaN/GaN bi-layers is reported to be 19 nm above 90% [7] . Thus, a change in the thickness of a DBR layer having a reflective center at 450 nm by only a small percentage, which is likely to occur in mass production, will shift the reflectance peak by approximately 10 nm. This shift would be sufficient to displace the stopband from the precisely-designed lasing wavelength. Therefore, there will likely be challenges associated with any future mass production of hybrid-DBR GaN-based VCSELs.
All-dielectric-DBR GaN-based VCSELs
In addition to nitride semiconductors, it may be possible to fabricate DBR mirrors having wide stopbands with dielectric materials, due to the wide range of refractive indices of these substances. As an example, the two dielectric materials SiO 2 and Ta 2 O 5 exhibit a large refractive index difference. Assuming refractive index values of 1.5 and 2.0 for the two dielectric materials and a reflectance peak wavelength of 450 nm, the associated stopband width would be more than 80 nm, which is much wider than the values reported for nitride semiconductor DBRs. Thus, GaN-based VCSELs with dielectric DBRs could avoid some of the issues associated with nitride semiconductor DBRs.
In a pragmatic approach reported by Higuchi et al., both DBRs were made of dielectric materials [8] , adopting a p-side structure similar to that of Lu et al. [4, 5] . The p-side was bonded to a silicon wafer while the n-side was polished to generate a thin nitride plate so as to obtain p-type, active and n-type layers on the silicon wafer. Subsequently, a dielectric DBR acting as the n-side mirrors and other metallic electrodes were deposited. In this process, both mirrors were composed of crack-free dielectric materials possessing wide stopbands. To date, there have been numerous reports of work with this type of GaN-based VCSEL [8] [9] [10] [11] [12] [13] .
These GaN-VCSEL devices still have associated difficulties regarding control of the cavity length. Typically, the cavity must simultaneously meet two conditions to allow laser operation. The first condition concerns the optical mode loss and Figure 1a ,b plot the roughly estimated coupling (diffraction) loss and mode spacing as functions of cavity length [16] . Figure 1a demonstrates that a shorter cavity is preferable because it leads to a smaller coupling (diffraction) loss after a round trip. Accounting for an estimated gain of up to 2000 cm −1 [23] , the amplification resulting from the active layer in the VCSEL is estimated to be approximately 1% for a typical total thickness on the order of 10 nm. Thus, the cavity should preferably be shorter than several microns to limit the diffraction loss to less than 1%. The second condition concerns the longitudinal modes. The wavelength of each longitudinal mode is determined from the cavity length, which must be controlled so that one of the modes overlaps with the gain spectrum of the active region used in the device. As an example, even though the loss in such devices appears to be sufficiently low, in the case of a 5-µm-long cavity, the mode spacing is approximately 7 nm (Figure 1b) . Consequently, the modes can easily miss the gain spectrum and lasing will not occur unless the cavity length is precisely controlled such that one of the longitudinal modes is located near the top of the gain spectrum of the InGaN quantum wells. It is evident that highly sophisticated technology would be required to control the cavity length to below several microns by polishing. Longer cavities can provide narrower longitudinal mode spacing to ensure that one of the modes appears near the top of the gain spectrum without precise control of the cavity length. For example, a cavity longer than 20 µm gives rise to a longitudinal mode spacing narrower than 2 nm, which is sufficiently narrow to overlap the gain spectrum of typical InGaN quantum wells. However, a cavity of this length often results in a diffraction loss of greater than 1%, which is sufficient to prevent the device from lasing. These requirements for precise control over the cavity length have thus far prevented the mass production of GaN-VCSELs.
It is apparent that precise control over the cavity length (to below 5 µm) or reduction of the optical diffraction associated with longer cavities, is required for the robust production of GaN-based VCSELs with all-dielectric DBR configurations. As an alternative to the approach reported by Higuchi et al., in which a lapping process is used to provide a basal plane for dielectric DBR deposition, a thinning technique based on photoelectrochemical (PEC) etching [24] was found to result in an operable GaN-VCSEL with a short cavity of 1.2 µm. If this approach allows precise control of cavity length, it could enable mass production of GaN-VCSELs. However, there has thus far only been limited research into this technique and further work is required to ensure that precise cavity length control is possible, as demonstrated by stability of the lasing wavelength over a wafer. 
All-dielectric-DBR GaN-based VCSELs Fabricated by Epitaxial Lateral Overgrowth
To mitigate some of the challenges associated with existing all-dielectric-DBR GaN-based VCSELs, the present author's group developed a GaN-based VCSEL with a novel structure [14, 15, 25] . This device incorporated dielectric DBRs at both ends of the cavity, with the DBR on one side embedded in n-type gallium nitride grown by the epitaxial lateral overgrowth (ELO) technique. This type of GaN-based VCSEL has several advantages, including the ability to form highly reflective dielectric DBR mirrors at both ends of the cavity and precise control of short cavity lengths during the epitaxial growth process. Figure 2 illustrates the device introduced in the present section. This unit was fabricated by first forming DBR islands consisting of 14.5 SiN/SiO2 bilayers on an n-GaN substrate, after which n-type GaN seed crystals were grown in the window regions between the DBR islands (where the GaN substrate was exposed) using MOCVD. As the MOCVD process progressed, these seeds grew in size, engulfing the DBR islands and finally forming planar surfaces above them. MOCVD was then used to grow four quantum wells a p-GaN layer and a contact layer, to a total thickness of approximately 100 nm. A 30-nm-thick indium tin oxide (ITO) layer and a p-side DBR with 11.5 Ta2O5/SiO2 bilayers were subsequently deposited on the contact layer and a Ti/Pt/Au n-electrode was overlaid on the 
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5 of 12 bottom of the substrate. A circular current injection region with a diameter of 8 μm was electrically confined by boron ion implantation , where implanted boron (>1E19 cm -3 ) nullify electrical conductivity of GaN around the aperture. The cavity region was composed of the n-GaN layer grown over the DBR islands. The thickness of this n-GaN layer governed the cavity length of the device, which could be controlled to less than several microns by applying a predetermined growth rate. Figure 3 presents a cross-sectional SEM image of the ELO structure, in which an n-side DBR island was embedded inside an n-type GaN layer. This image demonstrates that the n-side DBR was completely embedded in the n-type GaN grown by the ELO technique. No cracks or voids are evident in or around the DBR and a planar surface that provides the basal plane for the p-side mirror is seen to have been formed above the n-side DBR. The distance from the surface of the epitaxial layer to the interface between the n-type GaN and n-side DBR was determined to be 4.5 μm, which corresponds to the cavity length for this device. The reflectance spectra generated from the top and bottom DBRs exhibited peak reflectance values of more than 99.9% and stopband widths of 80-97 nm. These widths are 4-5 times greater than those reported for nitride semiconductor DBRs. Figure 4 plots the current versus light output (I-L) and current versus voltage (I-V) curves for the device, for which the threshold current (Ith) and density (jth) were determined to be 18 mA and 35.8 kA cm -2 , respectively. The maximum output power of this device was 1.1 mW. Figure 5 shows the spectra obtained below and above Ith and demonstrates a single longitudinal mode at a wavelength of 453.9 nm above Ith. The obvious threshold in the I-L curve and the fact that only a single longitudinal mode was observed above Ith demonstrate that lasing was achieved. The spacing of the longitudinal modes obtained below Ith was 6.7 nm (Fig. 5) , which is corresponding to cavity length of 4.5 μm by calculation for the following parameters: n = 2.45, λ = 450 nm, dn/dλ = −0.001. The obtained cavity length is consistent with the value measured by SEM ( Figure. 3)
As noted previously in this section, GaN-based nitrides have associated challenges in terms of obtaining DBRs having high reflectivity and a wide stopband and precise control of the fabrication process is required to obtain cavity lengths shorter than 10 μm. The VCSELs introduced in the present section met all these criteria. The DBRs at both ends of the cavity were made of dielectric materials that exhibit high reflectance over a wide spectral band width. It is preferable to determine the cavity length using the precise epitaxial growth afforded by MOCVD rather than to employ a more delicate process such as polishing, which was used in previous studies [8] [9] [10] [11] [12] [13] . Fig. 5a shows that the cavity length of 4.5 μm gives a diffraction loss per round trip of much less than 1% at a variety of aperture sizes. The ELO process that is primarily responsible for the formation of the cavity can be implemented uniformly over a large area of the wafer. Thus, this process enables the fabrication of multiple devices on a single wafer, which makes it very suitable for mass production. Figure 3 presents a cross-sectional SEM image of the ELO structure, in which an n-side DBR island was embedded inside an n-type GaN layer. This image demonstrates that the n-side DBR was completely embedded in the n-type GaN grown by the ELO technique. No cracks or voids are evident in or around the DBR and a planar surface that provides the basal plane for the p-side mirror is seen to have been formed above the n-side DBR. The distance from the surface of the epitaxial layer to the interface between the n-type GaN and n-side DBR was determined to be 4.5 µm, which corresponds to the cavity length for this device. The reflectance spectra generated from the top and bottom DBRs exhibited peak reflectance values of more than 99.9% and stopband widths of 80-97 nm. These widths are 4-5 times greater than those reported for nitride semiconductor DBRs. Cross-sectional scanning electron microscopy (SEM) image of the epitaxial lateral overgrowth (ELO) structure, in which the n-side DBR is engulfed in n-GaN grown using the ELO process. The flat surface of the epitaxial layer forms a 4.5-mm-long cavity.
Appl. Sci. 2019, 9, 733 6 of 12 Figure 4 plots the current versus light output (I-L) and current versus voltage (I-V) curves for the device, for which the threshold current (I th ) and density (j th ) were determined to be 18 mA and 35.8 kA cm −2 , respectively. The maximum output power of this device was 1.1 mW. Figure 5 shows the spectra obtained below and above I th and demonstrates a single longitudinal mode at a wavelength of 453.9 nm above I th . The obvious threshold in the I-L curve and the fact that only a single longitudinal mode was observed above I th demonstrate that lasing was achieved. The spacing of the longitudinal modes obtained below I th was 6.7 nm (Figure 5 ), which is corresponding to cavity length of 4.5 µm by calculation for the following parameters: n = 2.45, λ = 450 nm, dn/dλ = −0.001. The obtained cavity length is consistent with the value measured by SEM (Figure 3) . Cross-sectional scanning electron microscopy (SEM) image of the epitaxial lateral overgrowth (ELO) structure, in which the n-side DBR is engulfed in n-GaN grown using the ELO process. The flat surface of the epitaxial layer forms a 4.5-mm-long cavity.
Figure 4. I-V and I-L curves generated by an all-dielectric-DBR GaN-based vertical-cavity surfaceemitting laser (VCSEL).
Here, Ith was 18 mA and the maximum output power was 1.1 mW, the highest value reported to date for this type of device. The kinks in the I-L curve suggest multimodal operation for the lateral mode, presumably due to the absence of lateral optical confinement. Figure 5 . Spectra obtained from the all-dielectric-DBR GaN-based VCSEL above and below the threshold current (18 mA). Spectrum (a) was obtained at 20 mA and shows a single longitudinal mode at 453.9 nm and a half width at maximum of 0.05 nm. The latter value is equivalent to the resolution Figure 5 . Spectra obtained from the all-dielectric-DBR GaN-based VCSEL above and below the threshold current (18 mA). Spectrum (a) was obtained at 20 mA and shows a single longitudinal mode at 453.9 nm and a half width at maximum of 0.05 nm. The latter value is equivalent to the resolution limit of the apparatus used to acquire the data (ADCMT8341). Spectrum (b) was acquired at 10 mA using a different spectrum analyzer (Ocean Optics USB4000) and shows a mode spacing of 6.7 nm.
As noted previously in this section, GaN-based nitrides have associated challenges in terms of obtaining DBRs having high reflectivity and a wide stopband and precise control of the fabrication process is required to obtain cavity lengths shorter than 10 µm. The VCSELs introduced in the present section met all these criteria. The DBRs at both ends of the cavity were made of dielectric materials that exhibit high reflectance over a wide spectral band width. It is preferable to determine the cavity length using the precise epitaxial growth afforded by MOCVD rather than to employ a more delicate process such as polishing, which was used in previous studies [8] [9] [10] [11] [12] [13] . Figure 5a shows that the cavity length of 4.5 µm gives a diffraction loss per round trip of much less than 1% at a variety of aperture sizes.
The ELO process that is primarily responsible for the formation of the cavity can be implemented uniformly over a large area of the wafer. Thus, this process enables the fabrication of multiple devices on a single wafer, which makes it very suitable for mass production.
All-dielectric-DBR GaN-based VCSELs Using an Atomically Smooth Monolithic Curved Mirror
As discussed in Section 4, one approach to overcoming potential problems associated with all-dielectric DBR VCSELs is to introduce lateral optical confinement, which allows the use of relatively long cavities (greater than 10 µm) with no diffraction loss. There have been a few studies on this topic regarding GaN-VCSELs. Hashemi et al. simulated the effect of lateral optical confinement by step-like lateral structures on the internal losses of GaN-VCSELs [27]. In addition, Hayashi et al. experimentally demonstrated one of those structures and found that the multi-lateral-mode of the device provided evidence for lateral optical guiding [21] . Kuramoto et al. reported improved slope efficiency in the case of a device incorporating a mesa structure [22] , which confirmed the effect of lateral optical confinement of the cavity.
However, those step-like lateral structures also induced scattering losses. For this reason, the authors of the present review proposed a GaN-VCSEL having a cavity with a graded lateral structure instead of a mesa structure. Resonators cladded with curved and plane mirrors are known to form stable cavities without diffraction and scattering losses, in association with the generation of a beam waist on the plane mirror [28] . Thus, the introduction of curved mirrors on one side of the VCSEL may allow for longer cavities that would help to relax the strict processing requirements during polishing that have prevented GaN-VCSELs from being mass produced. The first experimental result based on this concept was reported following work with GaN-VCSELs by Park et al. [29] , who investigated the optical pumping of devices having 50-µm-long cavities with plane and curved end mirrors. InGaN quantum wells were grown epitaxially on the (0001) plane of a sapphire template (t = 50 µm) to fabricate these devices and a monolithic curved mirror was generated on the (000-1) plane of the template using ball-up resin patterns as sacrificial masks during the reactive ion etching of the sapphire. However, this study only demonstrated laser operation in conjunction with optical pumping.
The author's group investigated lasing as a result of current injection into VCSELs with a similar structure, in which InGaN wells were grown epitaxially on (0001) GaN substrates and a curved mirror was fabricated on (000-1) GaN rather than on sapphire substrates (see Figure 6 ) [16] . These devices were fabricated by growing three InGaN/GaN MQWs via MOCVD, a p-GaN layer doped with Mg (approximately 1 × 10 19 cm −3 ) and a contact layer doped with Mg (approximately 1 × 10 20 cm −3 ), to a total thickness of 105 nm, on a (0001) GaN substrate. A 20-nm-thick ITO layer and a p-side DBR with 11.5 Ta 2 O 5 /SiO 2 bilayers were deposited on the contact layer. A hole was etched next to the aperture, reaching the n-GaN layer and two Ti/Pt/Au electrodes were deposited so that they made contact with the ITO layer and the exposed n-GaN, respectively, to form a current path. A circular current injection region was electrically confined by boron implantation, leaving a current aperture with a diameter of 3 µm that was in contact with the ITO and one Ti/Pt/Au electrode to form an emitter. The remaining processing steps during fabrication of the curved mirror were similar to those used in Parks' research. That is, ball-up resin patterns were employed as sacrificial masks during reactive ion etching of the GaN substrate. Figures 7(a) and (b) show laser confocal microscopy images of a lenslet fabricated on the (000-1) plane of a GaN substrate fabricated through these procedures. The top and bird's-eye views in Fig.  7 (a) both demonstrate the smooth droplet shape that was formed. In the cross-sectional analysis ( Fig.  7(b) ), an ideal parabolic curve has been overlaid on the experimentally determined cross-sections. An atomic force microscopy (AFM) image of the top of the lenslet is shown in Fig. 7c . The root mean square roughness of this surface was determined to be 0.2 nm, which is comparable to the value reported for a plane mirror that allowed lasing from a GaN-VCSEL in a prior study . This image also clearly shows atomic steps at the top of the lenslet (inset to Fig. 7(c) ), indicating the minimal roughness of this surface. Fig. 7(d) presents a transmission electron microscopy (TEM) image of the cross-section of the curved mirror in this device. Each DBR layer is seen to bend smoothly across the top of the lenslet formed on the GaN, forming a perfect curved mirror. Figure 7a both demonstrate the smooth droplet shape that was formed. In the cross-sectional analysis (Figure 7b ), an ideal parabolic curve has been overlaid on the experimentally determined cross-sections. An atomic force microscopy (AFM) image of the top of the lenslet is shown in Figure 7c . The root mean square roughness of this surface was determined to be 0.2 nm, which is comparable to the value reported for a plane mirror that allowed lasing from a GaN-VCSEL in a prior study [30] . This image also clearly shows atomic steps at the top of the lenslet (inset to Figure 7c ), indicating the minimal roughness of this surface. Figure 7d presents a transmission electron microscopy (TEM) image of the cross-section of the curved mirror in this device. Each DBR layer is seen to bend smoothly across the top of the lenslet formed on the GaN, forming a perfect curved mirror. Figures 7(a) and (b) show laser confocal microscopy images of a lenslet fabricated on the (000-1) plane of a GaN substrate fabricated through these procedures. The top and bird's-eye views in Fig.  7 (a) both demonstrate the smooth droplet shape that was formed. In the cross-sectional analysis ( Fig.  7(b) ), an ideal parabolic curve has been overlaid on the experimentally determined cross-sections. An atomic force microscopy (AFM) image of the top of the lenslet is shown in Fig. 7c . The root mean square roughness of this surface was determined to be 0.2 nm, which is comparable to the value reported for a plane mirror that allowed lasing from a GaN-VCSEL in a prior study . This image also clearly shows atomic steps at the top of the lenslet (inset to Fig. 7(c) ), indicating the minimal roughness of this surface. Fig. 7 (d) presents a transmission electron microscopy (TEM) image of the cross-section of the curved mirror in this device. Each DBR layer is seen to bend smoothly across the top of the lenslet formed on the GaN, forming a perfect curved mirror. Figure 8 shows the current-voltage (I-V) and current-optical output (I-L) curves for the GaN-VCSEL device. The I-L curve exhibits a clear threshold at an injected current of 0.25 mA (J th = 3.5 kA/cm 2 for a current aperture diameter of 3 µm) during CW injection. Figure 9 provides the emission spectrum for the device above the threshold current, which exhibits a dominant peak at a wavelength of 445.3 nm. The width of this spectrum is equivalent to the resolution limit of the analyzer (0.1 nm). The emission spectrum contains multiple peaks and the primary peaks are spaced at intervals of 1.27 nm, as indicated by the filled triangles. This interval corresponds to the mode spacing calculated for a cavity length of 27 µm when using n = 2.45, λ = 445.3 nm and dn/dλ = −0.001 [16] . This result demonstrates that the lasing occurred with multi-longitudinal modes. The dimensional parameters for this device were determined to be L = 27 µm using scanning electron microscopy (data not shown) and R = 29.1 µm using confocal laser microscopy. According to classic Gaussian optics theory [16] , this cavity had an associated resonant mode with a beam waist (4σ) of 1.3 µm on the planar mirror. This value is smaller than the current injection diameter of 3 µm. one of the plots. (c) AFM image of the top of a lenslet fabricated on the (000-1) plane of a GaN substrate. The inset is a high-resolution image of a 1 μm × 1 um area that shows atomic steps on the surface. (d) Cross-sectional TEM image of the curved mirror of the device used for an optical pumping test. Figure 8 shows the current-voltage (I-V) and current-optical output (I-L) curves for the GaN-VCSEL device. The I-L curve exhibits a clear threshold at an injected current of 0.25 mA ( Jth = 3.5 kA/cm 2 for a current aperture diameter of 3 μm) during CW injection. Figure 9 provides the emission spectrum for the device above the threshold current, which exhibits a dominant peak at a wavelength of 445.3 nm. The width of this spectrum is equivalent to the resolution limit of the analyzer (0.1 nm). The emission spectrum contains multiple peaks and the primary peaks are spaced at intervals of 1.27 nm, as indicated by the filled triangles. This interval corresponds to the mode spacing calculated for a cavity length of 27 μm when using n = 2.45, λ = 445.3 nm and dn/dλ = -0.001 . This result demonstrates that the lasing occurred with multi-longitudinal modes. The dimensional parameters for this device were determined to be L = 27 μm using scanning electron microscopy (data not shown) and R = 29.1 μm using confocal laser microscopy. According to classic Gaussian optics theory , this cavity had an associated resonant mode with a beam waist (4σ) of 1.3 μm on the planar mirror. This value is smaller than the current injection diameter of 3 μm. one of the plots. (c) AFM image of the top of a lenslet fabricated on the (000-1) plane of a GaN substrate. The inset is a high-resolution image of a 1 μm × 1 um area that shows atomic steps on the surface. (d) Cross-sectional TEM image of the curved mirror of the device used for an optical pumping test. Figure 8 shows the current-voltage (I-V) and current-optical output (I-L) curves for the GaN-VCSEL device. The I-L curve exhibits a clear threshold at an injected current of 0.25 mA ( Jth = 3.5 kA/cm 2 for a current aperture diameter of 3 μm) during CW injection. Figure 9 provides the emission spectrum for the device above the threshold current, which exhibits a dominant peak at a wavelength of 445.3 nm. The width of this spectrum is equivalent to the resolution limit of the analyzer (0.1 nm). The emission spectrum contains multiple peaks and the primary peaks are spaced at intervals of 1.27 nm, as indicated by the filled triangles. This interval corresponds to the mode spacing calculated for a cavity length of 27 μm when using n = 2.45, λ = 445.3 nm and dn/dλ = -0.001 . This result demonstrates that the lasing occurred with multi-longitudinal modes. The dimensional parameters for this device were determined to be L = 27 μm using scanning electron microscopy (data not shown) and R = 29.1 μm using confocal laser microscopy. According to classic Gaussian optics theory , this cavity had an associated resonant mode with a beam waist (4σ) of 1.3 μm on the planar mirror. This value is smaller than the current injection diameter of 3 μm. The research described above confirmed the appearance of a near field image and the beam waist matched the theoretically predicted shape, demonstrating that the resonant mode was confined in the lateral direction, as predicted by Gaussian optics. Because a small aperture of 1 to 2 µm in conjunction with a cavity longer than 20 µm should result in a large diffraction loss (up to approximately 100%) per round trip (see Figure 2a) , the previously discussed small threshold current strongly suggests the occurrence of lateral optical confinement in this type of GaN-based VCSEL.
Conclusions
This review described a variety of possible GaN-based VCSEL structures. The initial section concentrated on early prototypes, of which there were two main types: hybrid-DBR and all-dielectric-DBR. Although both types exhibit lasing during CW operation in conjunction with current injection, there are challenges associated with mass production. Specifically, it is difficult to control the thicknesses of each nitride semiconductor layer in the DBRs in hybrid-DBR types and the size of the cavity itself in all-dielectric-DBR devices. The latter part of this document reviewed two types of novel all-dielectric GaN-based VCSELs having different structures. One such device incorporates dielectric DBRs at either end of the cavity, with one side of each DBR embedded in n-type GaN grown using ELO. The other type incorporates a curved mirror fabricated on (000-1) GaN. These designs are intended to eliminate the requirement for strict control of the cavity length and to address the absence of lateral optical confinement, both of which have prevented the practical use of all-dielectric GaN-based VCSELs.
As discussed throughout this paper, a variety of structures have been reported for GaN-based VCSELs during the research history spanning approximately 10 years. As a result of this short period of time, as of 2018, hybrid-DBR GaN-based VCSELs have been developed that exhibit wall plug efficiencies close to 10%, while all-dielectric-DBR devices have shown threshold currents much lower than 1 mA. The authors believe that additional research activity will improve the performance of GaN-based VCSELs and allow their practical use in the near future. 
